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EZTEEC OF AUTOMATIC STABILIZATION ON T€E SIDESLIP AND 

ANGLE-OF-ATTACK DISTURBANCES IN R O m  MANEWERS 

By Ordway B. Gates, Jr., Joseph  Well, 
and C. E. Wodling 

SUMMARY 

Time histories are presented  thzt   i l lust rate  the large  motions 
which have  been encountered i n   f l i g h t  tests of sone of the present-dey 
f ighter   a i rplmes.  

Results of some analog  studies ere discussed which indicate  that  
var ia t ions  in   cer ta in  of  the airplane stabi l i ty   der ivet ives  could have 
an apprechble   effect  on these  undesirable motions. 

I SYMBOIS 
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IZ 
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weight, lb 

mass, slugs 

m m n t  of i n e r t i a  about X body exis, slug-ft2 

rno-mnt of  i n e r t i a  zbout Y body axis, slug-zt 2 

moIcent of i n e r t i a  about Z body axis, slug-ft2 

product of iner t iz .   in  =-plane, slug-ft* 

moment of i n e r t i a  of engine  about X body a is ,  slug-ft2 

rotational  velocity of engine,  radians/sec 
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wing area, sq f t  

wing spar, f t  

chord, f t  

mean aerodynamic chord, ft 

dynamic pressure, ib/sq ft 

Mach number 

pressure alt i tude,  ft 

sweep sngle, deg 

aspect  ratio, b2/S 

total   ai leron  deflection, deg 

stabil izer  deflection, deg 

rudder deflection, deg 

eerodynamic forces  along X body a i s ,  lb 

aerodynamic forces  dong Y body axis, lb 

aerodynamic forces  along 2 body axis, lb 

direction  cosines 
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. 

aerodynamic rol l lng moments, lb-ft 

aerodynmic  pitching moments, lb - f t  

aerodynwnic yawlng mments, lb-ft 

linear  velocit ies  along X, Y, a d  Z body axes, f t /sec 

angular velocit ies about X, Y, and Z body axes,  radims/sec 

disturbmces i n  l inear   veloci t ies  

angle of attack of X body axis t o  re la t ive wind, deg 
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sideslip  angle, deg 

pitch  a-gle,  deg 

bank mgle, deg 

yaw mgle,  deg 

rolling-moment coefficient due to   s ides l ip  

longitudinal  static  derivative,  per deg 

danping-in-pitch derivative, per r e d i m  

directionE1  stabil i ty  derivative,  per deg 

dmging-in-yaw derivative, per radian 

nondimensionel pitch  frequency  squared 

nondhensional yaw frequency squared 

i n i  t F  a1 value 

med..mu?? value 

refers  t o  resonance i n   p i t c h  

r e fe r s   t o  resonance i n  yew 

A d o t  over e symbol indicztes  differentiEtion with respect t o  time. 

RESULTS AND DISCUSSIOM 

Severs1 of the fighter-type  airplanes  presently  being flown have . exhibited a strong cou:Ling between their l a t e r a l  and longitudinel modes 
or" motion, particularly i n   ro l l i ng  mmeuvers. This coupling h B  led i n  
some instances to very  large,  essentially  uncontrollable drplme motions 

I - 
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i n   p i t c h  and yew. Two airplznes  currently  being  flight  tested by the 
National Advisory Committee for Aeroneutics and which have experienced 
violent coapled  motions me shown i n  figure 1. The drp lane  on the 
r igh t  i s  m unswept-wing a i rp lme of  aspect r a t i o  3 .Og and tha t  on the 
l e f t  is a 45O swept-wing design of aspect  ratio 3.56. Both of these 
a i rp lmes  have their m a s s  concentreted  primarily  in  the  fuselage, as 

evidenced by the values of the inertis pmameter - IX shown in   t he  

f igure  for  the respective  airplanes. This parameter  approaches unity 
for  designs which have extremely low i n e r t i a   i n   r o l l  reletive to   t he  
i n e r t i a   i n   p i t c h  md yaw. For  comgarison, for   f ighters  of World W a r  I1 
this pmeme-ter was of  the  order  of 0.3 o r  0.k. 

Iz 

Results 03 a  recent flight of the unswept-wing eirplme are  pre- 
sented  in figure 2. The m e u v e r  shown i s  m abrupt d l e r o n   r o l l  from 
l eve l   f l i gh t  et M = 1.05 at an altitude  of 30,000 feet .  The parram- 
eters plot ted ere sideslip angle, angle of attack, rolling  velocity, 
and the control  deflections  applied by the p i lo t .  A sideslip  angle of 
20° w&s obtained i n  t h i s  manefiver, and, i n  the 1/2-second time in te rva l  
between 4.5 seconds and 5.0 seconds,  the  engle of attack changed from 
-130 t o  +lga. This change i n  a corresponds t o  a change i n  r~ormal 
acceleration from roughly -6g t o  +7g. Results of a similar f l i g h t  of 
the swept-wing airplane are presented in   f igure  3. The maneuver is an 
abrupt   a i leron  rol l  from level  flight at M = 0.70 at an al t i tude of 
32,000 feet. The maximum sidesl ip   mgle encountered was i n  excess of 
-25', an& the zngle of s;tteck,  although  not  recorded below -16O because 
of the range of  the measuring  instrument, was estimated t o  have been 
Ierger than -25O. These lmge motFons impose high L o d s  on both the 
airplane and p i lo t ,  and hence are dangerous as well as undesirable. A 
point of interest is t h a t   t h e   i n i t i a l   v a r i a t b n s   i n  a md p are 
different   for   the two airplanes  discussed  although the roll ing  velocity 
for  both  cases F s  negative. This difference is  a t t r ibu tab le   to  the 
fac t   tha t  the longitudinal  principal  axis  of inertia is  i n i t i a l l y  above 
the   f l igh t  pzth for  the swept-wing airplane whereas for   the unswept-wing 
airplane t h i s  axis is  in1tCall.y below the fl ight  path.  

The gurpose of this paper is to   b r ing   to  the &,tention of the 
autopilot  designer  the  existence of these  violent coupled  motions, and 
t o  discuss the results of some analog studies which indicEte  that  the 
severity  of  the pitch-yaw  divergences which have been  encountered might 
be allevicted by use of various types of  automatic s tabi l izat ion o r  
regulation. These studies were carried  oct  by NACA personnel at the 
Langley Aeronautical  Laboratory a d  at the NACA High-Speed Fl ight  
Stetion. 
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- In the theoret ical  approach t o  the problem it was necessary t o  use 
nonlinear  equetions or' notion  to  represent the  airplane d y n d c  charac- 

follows : 
I t e r i s t i c s .  These equations,  rezerred to   a i rplane body axes, me  as 

m [ l i + q ( w o + & ) - f i ] = F ~ + W Z 3  

m[O+r(uo+&)-p(wo+&)]=Fy+WmJ 

m [ w + ~ - q ( ( v o + & ) ] = F ~ + W n ~  

p - 1 ~ 2  i +(I~ - IY) qr - IXZ pq = L' 

IY q - ( tz -~x)  pr + lXz  (pz-rz) + 'xe we' = M' 

s ~ ~ - I ~ ~ ~ + ( I ~ - s ~ )  pq + IXZqr  - ~ ~ ~ w ~ q  =N' 

i3 = m3r - n3q 

I These general equzrtions of airglene motion have been modified to include 
the gyroscopic moments due t o  the rotating  engine.  For  purposes of com- 
pazison t5e nonlinear terms, which  normally .me neglected i n  the analysis 
of small motions, are underlined. These terms will generally be most 
impor-tmt fo r   d rp l anes  which have low i n e r t i a   i n   r o l l   r e l z t i v e   t o   t h a t  
i n  p i tch  znd .ysw, and which are capable of  Zairly high rol l ing  veloci t ies .  
IncLusTon of these nonlinem  coupling  terms wzs  necessazy i n  this inves- 
t iga t ion  and the solution  of these equstions h d  t o  be obtained from 
some computing mxhine  such as an analog comguter. 

In   order   to  determine if the large  motions  presented i n  figure 3 
f o r  the swept-w3ng airplane could have been predicted from these non- 
linear  eguztions of a i rp lme mo-lion, t h i s  $ar t icu lar   f l igh t  run w a s  
simuleked on an arelog computer. In this  simulation it w a s  sssmed 
that the component of  the eiqlane velocity  along i ts  X - a x i s  w a s  con- 
s tan t ,  which reduced  the problem to  five  degrees of Treedom. Est-tes 
of the eirplaze's  mass and aerodynmic characterrstics were obteined 
f r o m  wai lab le  wind-tunnel tests, f l i gh t  data, and theory.  Figure 4 
shows the comprnisons  between the fl ight record end the  analog results. 
Fl ight   resul ts  are shown ES dashed lines a d  the celcule-bed  motions ES 
solid curves. The agreement  between the flight resu l t s  and the analog 

" calculatfons  for  the  time  interval sho~m indicates that the  simulation 
wes  sufficiently  accurate  to  predict  the existence  of  the  lwge motions 
encountered i n  f l igh t .  Ir order  to  obtdn  the  Egreemnt shown i n   t h i s  - I 
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figure, it was necessery t o  m a k e  some adjustments i n  the preliminary 
estfmates of the airplane  stabil i ty  derivatives.  Ir, particular, it 
was necessary t o  take into account the veriation with angle of atteck 
of the rolling-moment coefficient due to   s ides l ip  Cz On the basis 

of t h i s  agreement, additional  calculations were made for  vmious amounts 
of  aileron  deflection  for this particular flight condition so as t o  
obtain  an  indication of the response  characteristics  of  the  airplane 
i n  aileron-induced ro l l s .  The basic  input w a s  a ramp afleron  deflection 
which was  held deflected  until  the  airplane  rolled  to a specific bank 
angle and the aileron w a s  then returned to zero  deflection. The rudder 
and elevator were assumed t o  be  fixed in   these  maneuvers. The bank 
angles fo r  which resul ts  were obtained were S O o  and 2360'. 

B' 

Results  typical of those  gotten f r b m  these  calculations  for l e f t  
rolls of 90° and 360° are presented i n  figure 5 .  The aileron deflec- 
t i o n   i n  each  of these cases w a s  such as t o  give a maximum roll ing 
velocity of -1.5 radians  per second. The gumti t ies   tabulated  in  these 
m d  similar runs were the maximum rolling  velocity, maximum sideslip,  
and maximum disturbance i n  angle  of  attack  during the rol l ing maneuver. 
For  cases i n  which the values of 4 and Aa, obteined when the d l e r o n  
deflection w a s  reduced t o  zero, which is the  recovery  phase of the 
w e u v e r ,  exceeded the values  calculerted in   t he  rnmeuver, these  values 
were also tabulated. A surmnzry of  the  results  obtdned  over the air- 
plene  rolling-velocity  range is given i n  fignes 6 eJld 7. Results for  
l e f t   r o l l s  erre presented i n  figure 6 and resu l t s   for   r igh t  r o l l s  are 
presented  in figure 7. The roaxirmm changes in   s ides l ip   ms le  and angle 
of zrttack arre plotted agdnst the maximum rolling  velocity  obtained  in 
the rol l ing maneuvers. The difference between t h e   l e f t  and r igh t   ro l l s  
is due to   t he  asymmetric engine  gyroscopic moments which were mentioned 
earlier. The magnitudes  of Au and Af% i n  the 90' r o l l s  -e seen t o  
be fairly small. The worse condition shown zrppearcs t o  be the 360O left 
r o l l  and the subsequent  discussion w i l l  be limited t o  this case. As 
the aileron  deflection, and hence the maxFmum rolling  velocity, i s  
increased, there is a consistent  increase  in  the maximum var ia t ions   in  
sideslip  angle and angle of a t tack  for   rol l ing  veloci t ies  up t o  -2.6 
radians  per second. The values of spproximately 24O f o r  Ap and 14O 
for  h were obtained f o r   t h i s   r o l l  rete. For  purposes of comp&rison, 
the  values  of  rolling  velocity which produce resonance in   p i t ch  and yaw, 
based on a steady-rolling  analysis  (see refs. 1 and 2), are shown by 
the dashed ver t ica l   l ines .  Some preliminery analysis of the steady- 
rol l ing case has indicated  that  variations fn certain of the  airplane 
s tabi l i ty   der ivat ives  could have an apprecieble  effect on the magnitudes 
of a, and p encountered in   these   ro l l ing  maneuvers. Figure 8 presents 
divergence  boundaries for   the  swept-wing airplane. These boundaries,  the 
constraction of which is  discussed i n  references 1 and 2, =e plotted es 
a function of the  airplane  pitch and yaw natural  frequencies nondimension- 
alized  to  roll ing  velocity.  The sol id  curve is for  the  basic  airplane. 
It can be shown the t  the posi t ion  in  this plene of  the pitch and yaw 

1 
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. frequencies of a given .&rpl.me, nondimensionalized t o  rolling velocity, 
falls on a s t r d g h t  Line similar t o  the one shown in  the  f igure.  The 
slope of this l ine  is determined  ram the r&io  of the square of the 
pi tch a d  yaw natural  frequencies.  For p = 1 radian  per second the 
values of % 2  and v2 are  equivalent t o  their dimensional  counter- 
parts, and this   point  i s  spotted on the straight l ine  in order t o  show 
the dimensional  values of the  pi tch and yaw frequencies of the swept- 
wing drplme. As the  roll ing  velocity  increases,  the airplane  frequency 
parameters move down this l ine  end fo r  a value  of v2 = 0.70 cross  the 
divergence  boundary. For the swept-wing airplane, this crossing of the 
bouzldary occurs fo r  2. ro l l i ng  velocity of 1.7 radians  per second. The 
boundcry is  again crossed f o r  q2 J 1 which corresponds t o  a rolling 
velocity of 2.2 redians  per second.  For  values of rol l ing  veloci ty  
between 1.7 md 2.2 radians per second, t h i s  sfmplified  analysis  pre- 
d i c t s  e divergence, and it is these values which were indicated by the 
ver t ica l   l ines   in   f igure  6 .  

d 

It i s  eppzrent from figure 8 that this divergent  condition can be 
e l h i n a t e d   i n   a t  least two ways.  Vaxiations in   t he  airplane dimensionel 
pitch o r  yaw frequencies can ro ta te  this line t o  prevent its passing 
through the unstable  region, or the boundaries can be moved with  respect 
t o   t h e   l i n e  which represents  the swest-wing airplane t o  e f fec t  a similar 
resul t .  These boundaries can be shifted by increasing  the damping In 
_Ditch o r  yaw,as  indicated by the  dshed  boundaries  for  increased damping. L 

For the cozdition shown, this l ine  cm be rotated  into  the stable 
region by increasing the yaw natural  frequency  through  increases i n  C 
or decressing  the  pitch  natural  frequency through a  decrease i n  C&. 
However, f o r  too  large e. variat ion in these p w m t e r s ,   t h e   l i n e  will be 
rotated  to  a positron f o r  which it will p a s  through the lower brmch 
of the  divergence  boundaries. It appears  th&t a good rule of thunib 
would be t o  rotate   the  l ine t o  E. posit ion where the   d rp lane   p i tch  and 
yaw frequencies me approximately  equal. 

nP 

Results w i l l  be presented in   t he  subsequent figures which indicate 
the  effect  of var ia t ions  in  the s ta t ic   der iva t ives  C 9  and C% md 
i n   t h e  dwmping derivatives Cnr and hs. Cases will be discussed  for 
increases   in  C which rotete  the  Une clockwise from i ts  basic  orien- 
te t ion t o  the stable  region and then to a position for  which it pesses 
through  the  pitch  divergence  boundaT  for  a  rolling  velocity approxc- 
mately equal t o  the  pitch  natural  frequency.  For Cma, a varlat ion 
will be  discussed which rotztes  this frequency  locus from i ts  b s i c  
pos i t ion   to  a  posit ion  in  the stable region of t h i s  p lo t .  C a s e s  will 
be discussed  for Cnr md Ca which shift  the boundaries in   the  direc-  

ns 

9 
I tion indicated by the dashed l ines  (see  f ig.  8), and hence put   the  bmic 
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frequency  locus i n  a stable region.  In the subsequent figures, values 
of  roll ing  velocity are plotted which correspond to  the  resonant  values 
predicted by the simplified steady-rolling analysis. 

The effect  of varying  the  directional  stability  parameter CnS is 
presented i n  figure 9. This  derivstive  could be varied artificially by 
deflecting the rudder  proportionel t o   s ides l ip  angle. The curve fo r  
CnP = 0.001 corresponds t o  the d r p l m e  without  automatic  controls. 
As CnS I s  increased t o  0.002, the maximum variat ions  in   s idesl ip  and 
angle of &tack; conputed fo r  these ro l l ing  maneuvers me mtiskedly reduced. 
It appears, however, t he t  an increase  to 0.004 r e su l t s   i n  a condition 
during  recovery which is about 88 bad as t ha t  which ex is t s   for  
Cnp = 0.001. For this value  of C q ,  t'ae f'requency locus  has  been 
ro t a t ed   t o  a posftFon  such that it passes through the  lower boundary 
for  a roll ing  velocity approximately  equal t o   t he   p i t ch  frequency, and 
there is seen t o  be a large  nositive p e e  i n  da which exceeds the 
negative  values  calculated  for  the maneuver. It is apparent from fig- 
ure 9, hovever, that the large vv-iations  in angle of  atteck and side- 
slig  emerienced by this airplane  in   rol l ing mmeuvers are  largely due 
t o  a basic  deficiency in   d i rec t iona l   s tabf l i ty  and, i f  the  existing 
value of Cnp of 0.001 could be increased t o  a somewhat higher level  
by m t i f i c i a l  means or  by redesign  of the vertical ta i l ,  the airplane 
characterist ics would be improved. 

Results are presented i n  figure LO for  variations  in  the  longitud- 
ina l   s ta t ic   der iva t ive  Cma. The curve fo r  Cma = -0.006 corresponds 
t o  the basic  drplane.  As C% is reduced t o  -0.003, f o r  which case 
the  frequency  locus i s  In  the  stable  region f o r  a l l  values of' p, the 
a,- and p-motions me  seen  to  be substentially reduced. 

Results axe shown in   f igure 11 t o  show the  effect  of the damping- 
in-yaw derivative Gr. This derivative  could be varied by use o f  a 
yaw danger, i n  which the  rudder i s  deflected  proportional  to yawing 
velocity. The value of Cnr estimated for  the swept-wing airplane  for 
the  flight  condition being discussed is -0.10. On the  besis of the 
esthated  effect iveness  of the airplane rudder, it appems  that an 
increase i n  Cnr t o  -1.0 is approximately of the order of magnitude 
which could  be  realized from a YEW damper fo r  this flight  condition. 
As Cnr is  assumed t o  be varied from i ts  basic value of -0.10 t o  -1.0, 
there is seen t o  be an improvement in   the  a i rplane  charecter is t ics   in  
these  aileron-induced rolls, although  the  hqrovement is less  than  that  
calculsted  for Cn and C%. 

I1 11 

B 



NACA RM ~ 5 5 ~ 2 %  - 9 
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Results  ere  presented  in  figure 12 for   var ie t ions  in   the damping- 
in-pitch  derivative Cms. This derivative  could be vsried by a  pitch 

As ha_ is assumed t o  be  varied from i ts  bes ic   va lw of -3.5 t o  -35.0, 
the ~llaximum value of Ap is reriuced  from 24' t o  6O and the aagle-of- 
Ettteck vzriation is reduced  fro= 14O t o  6O. This value of C q  is I 

approxirmately i n  the  range which could be realized from a p i tch  damper 
fo r  this  psrt iculax  eirplane .ma flight  condition. 

I damper which deflects  the  stabil izer  proportion81 t o  pitching  velocity. 

It should  be emphasized tha t  tkse preliminmy  calculations were 
mEde fo r  only one Flight condition and for  one type of m e u v e r ,  and. 
therefore no attempt should 'oe  made t o  generalize  the results presented 
to other  conditions of a l t i tude and Mach number end to   other  maneuvers. 
However, the trends indiczted by these  results &re believed  to be 
qualitatively  representative of those which would be obtafned though 
use of the  mtomatic  controls  discussed. 

The primary  conclusions which caq be dram fro= this paper do, how- 
ever  indicate  that (1) certain of the  fighter-type airplenes which are 

attack znd sideslip  during  roll ing mmeuvers end (2) people i n  the auto- 
matic  control  Tield m a y  be i n  a posit ion t o  assist i n  the solution of 
this problen! by equipsing dnlenes with autonilots which w5ll reduce 
the  severity of these  undesirable  motions. 

I being flown today  are  highly  susceptible t o  divergences i n  angle of 

-gley Aeronautical  Laboratory, 
Nztiocal Advisory Committee fo r  Aeronautics, 

hagley  Field,  VEL. , May 11, 1955. 
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CHARACTERISTICS OF AIRPLANES 
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Figure 2 
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RESPONSE OF SWEPT-WING AIRPLANE TO AILERON  DEFLECTION 
M -0.70; Hp =32,000 FT 
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RESPONSES OF SWEPT AIRPLANE IN 360" AND 
90" LEFT ROLLS 
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SUMMARY OF RESPONSES OF SWEPT-WING AIRPLANE 
TO AILERON DEFLECTION 
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Figure 6 
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SUMMARY OF RESPONSES OF SWEPT-WING AIRPLANE 
TO AILERON  DEFLECTION 

M = 0.70; Hp = 32,000 FT 
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360 
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DIVERGENGE BOUNDARIES - STEADY ROLLING 
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Figure 8 



EFFECT OF Cnp ON  RESPONSE TO AILERON  DEFLECTtON 
A+ -360' 
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